Aim: Fruit colours attract animal seed dispersers, yet the causes of fruit colour diversity remain controversial. The lack of knowledge of large-scale spatial patterns in fruit colours has limited our ability to formulate and test alternative hypotheses to explain fruit colour, fruit size and fruit colour diversity. We describe spatial (especially latitudinal) variation in fruit colour, colour diversity and length, and test for correlations between fruit colour, length and plant habit.
| INTRODUC TI ON
Colour is a key trait influencing how organisms interact with the environment. Animals frequently avoid predation by displaying warning or cryptic colours, and males of many vertebrate species attract females with bright, colourful displays (Caro, 2005; Hill & McGraw, 2006) . In plants, the colours of flowers (Schaefer & Ruxton, 2011) and fleshy fruits (van der Pijl, 1969 ) attract pollinators and seed dispersers, respectively. Many plants rely on a mutualistic interaction with animals to disperse their seeds (Willson, Irvine, & Walsh, 1989) : plants provide a reward to their animal dispersers in the form of a nutritive, fleshy pulp, in exchange for the animal carrying seeds to a new location (van der Pijl, 1969) .
Fruits display a diverse array of colours to attract seed dispersers (Schaefer & Ruxton, 2011; Turček, 1963) , and this tremendous diversity has long fascinated biologists (Darwin, 1872; Ridley, 1930; van der Pijl, 1969) . But, despite decades of research, large-scale spatial variation in fruit colours and other fruit traits has not been properly quantified.
The traditional hypothesis to explain fruit colour diversitythe disperser syndrome hypothesis (DSH) -suggests that different guilds of dispersers select for different fruit colours and, more broadly, for suites of traits corresponding to the preferences and perceptual abilities of those seed dispersers (van der Pijl, 1969) .
Typically, fleshy fruits are divided into a 'bird' syndrome of small fruits with bright or contrastive colours such as red, black and blue, and a 'mammal' syndrome of larger fruits with dull colours such as green, brown or yellow, often with an odour and/or protective husk (Janson, 1983; van der Pijl, 1969) . A variety of complexities in these syndromes have been noted (e.g., Fadzly & Burns, 2010; Lord & Marshall, 2001) , and doubt has been cast on the extent to which seed dispersers actually select for fruit traits. Many animals consume a broad range of fruit colours, including fruits displaying traits belonging to all syndromes (Fischer & Chapman, 1993; Kitamura et al., 2002; Poulsen, Clark, Connor, & Smith, 2002; van der Pijl, 1969) , and preferences can vary even among individual animals and over time (Willson, 1994) . In light of such observations, alternatives have been proposed: that fruit colours directly signal nutritional content (Cazetta, Galetti, Rezende, & Schaefer, 2012; Valido, Schaefer, & Jordano, 2011; Willson & Whelan, 1990) , that fruits may compete for dispersers by displaying distinctive colours or mimicking more nutritious fruits in the same habitat (Stournaras, Prum, & Schaefer, 2015) , or that pigments may play a functional role in defending fruits against UV radiation or fungal pathogens (Cipollini & Levey, 1997; Schaefer, Rentzsch, & Breuer, 2008; Willson & Whelan, 1990 ). Yet, most of these hypotheses implicitly assume that distinct combinations of fruit traits have evolved in relation to the preferences of different groups of frugivores.
An important challenge in the study of fruiting syndromes arises from the diffuse nature of plant-seed disperser interaction networks. Unlike flowers, where specialized interactions between flowers and their pollinators are possible and are common in some groups (e.g., yuccas and their moths, Powell & Mackie, 1966;  orchids and euglossine bees, Dressler, 1968) , fruits generally do not form such specialized interaction networks with frugivores (Jordano, 1987; Wheelwright & Orians, 1982) . Instead, each plant species is usually dispersed by many frugivore species and each frugivore typically consumes the fruits of many plant species (e.g., Kitamura et al., 2002; Wheelwright et al., 1984) . The complexity of plant-seed disperser interaction networks does not preclude their study, but does highlight the need for new perspectives to help us understand the relative importance of seed disperser perceptual abilities and alternative selective factors (e.g., high UV radiation).
Both the DSH and the existing alternatives imply predictable spatial variation, yet the lack of global-scale data on fruit colours and other fruit traits has made it difficult to identify general patterns. The prevalence of red and black fruits in most plant communities has been described repeatedly (Fischer & Chapman, 1993; Nakanishi, 1996; Schmidt, Schaefer, & Winkler, 2004; Wheelwright & Janson, 1985 ; but see Camargo, Cazetta, Schaefer, & Morellato, 2013) . Armesto, Rozzi, Miranda, and Sabag (1987) noted that blackfruited species are more common in the Neotropics than they are in Europe, and, more recently, Lo et al. (2011) tentatively reported that dark-coloured fruits may be more common at lower latitudes and red fruits more common at high latitudes. Although tropical organisms are frequently thought to be more colourful (and to exhibit higher colour diversity) than their temperate relatives, this has not been found for fruits (Burns, Cazetta, Galetti, Valido, & Schaefer, 2009 ).
Additionally, although only a few sites have been compared, a spatial correlation between disperser assemblage and fruit colours (as predicted by the DSH) has not been found (Brodie, 2017; Fischer & Chapman, 1993 ; but see Dominy, Svenning, & Li, 2003) . The limited spatial scope of these studies -typically comparing only a handful of sites, usually from the Neotropics and/or temperate Europe -renders the generality of these findings uncertain. Nonetheless, these studies offer tantalizing hints that spatial variation in fruit colours may exist, and that understanding these spatial patterns would help to test the various hypotheses that have been proposed to explain fruit colour diversity.
Here we describe a large database of fruit colours, fruit sizes and related traits, which we have assembled in order to provide an initial description of global variation in fruit traits. Given our emphasis on broad spatial patterns, we have endeavoured to span the range of latitudes, continents and biomes where fleshyfruited plants occur. We focus here on fruit colour, fruit size and plant habit, as hypotheses on the selective forces driving the evolution of these traits provide clear spatial predictions, for example, that mammal-associated fruit colours will only occur where mammalian dispersers are extant or recently extinct. Specifically, we investigate global patterns in fruit colour and fruit size, and test whether latitudinal gradients persist even when potentially correlated explanatory variables -fruit length and plant habitare included.
| ME THODS

| Data collection
| Species lists and sites
We compiled data on fruit colour, fruit length and plant habit from published studies, regional floras and local field guides, as well as from the ATLANTIC-FRUGIVORY database (Bello et al., 2017) . We also incorporated eight additional sites from published studies that listed the number of species of each colour without identifying those species. Any species producing fleshy propagules was counted, including those that provide a reward via a secondary structure such as an arillate seed. We limited our data collection to sources that describe fruit traits for whole plant communities (or a sampling thereof) rather than those describing the diet of particular seed dispersers. Although studies focusing on the diets of specific dispersers provide valuable information about fruit colour, they also contain inherent, non-random missing data (i.e., the species that are present but not consumed by the disperser of interest) that could bias our results. Each study or flora served both as a species list for the sites described therein, and also as a source for trait data with which to investigate global patterns. The complete list of sources can be found in Supporting Information (Figure 1a ).
| Biomes
We sought to include sites from a wide range of latitudes and biomes in order to span as much of the breadth of habitat diversity as possible. To quantify the diversity of biomes for which we have data, we extracted mean annual temperature and precipitation from CHELSA climate layers at 30 arc-second resolution (Karger et al., 2017) and took the median environmental variable per polygon (Park & Davis, 2017) to represent each site's climatic niche. Our sampled sites include localities from all of the major biomes (except tundra) described by Whittaker (1975) , although temperate grasslands and rain forests are poorly represented (Figure 1b ). In the Northern Hemisphere our sites come from all major biomes except tundra; in the Southern Hemisphere, despite the smaller number of sites, we have sites in all biomes except boreal forest and temperate grasslands/deserts (tundra does not occur in the Southern Hemisphere).
| Fruit colours
To quantify colour in our dataset, we used two different approaches: a traditional, eight category scheme derived from human vision, and a three-category scheme derived from an analysis of fruit colour reflectance spectra in relation to their human colour category. Recently, quantitative colour spectra have become more common as a method of analysing fruit colour (Cazetta et al., 2012; Stournaras et al., 2015; Valido et al., 2011) .
Spectra provide many advantages as they are independent of the human visual system (Endler, 1990) , which differs from that of other frugivorous mammals and birds (some of which can see into the UV; Chen, Collins, & Goldsmith, 1984) . However, the paucity of spectral measurements greatly limits our ability to assess large-scale spatial patterns in fruit colours using these measurements. As our goal was to provide a preliminary description of global patterns, qualitative colour descriptions permitted much more extensive data collection across a wider geographic range.
To assess latitudinal gradients in fruit colours, we first classified fruit colour descriptions into the eight-category colour scheme (black/dark, blue, brown, red, green, yellow, orange and white/ light) of Wheelwright and Janson (1985) , which has been widely used in studies of fruit colour. Dark colours (e.g., dark red, dark brown, dark blue) were classified as 'black' and light colours (e.g., light yellow, light green) as 'white'. Fruits described as, for example, green-yellow, were lumped with 'green' fruits, while fruits described as, for example, greenish-yellow, were classified as 'yellow'. Pink and scarlet fruits fell into the 'red' category, while violet fruits were lumped with 'blue'. Finally, to assess variation in fruit colour diversity across latitude, we calculated Simpson's diversity index for each site, treating each colour category as 'species' and the number of species per colour category as 'abundance'.
We sought to validate our results using this qualitative colour scheme by comparing the qualitative variables to quantitative variables derived from fruit reflectance data. We gathered previously published data for hue, lightness and saturation (Cazetta et al., 2012) or calculated those variables from reflectance spectra (Regan et al., 1998 (Regan et al., , 2001 Valido et al., 2011) for 236 species by colour combinations (including some immature fruits and some fruits that display multiple colours when ripe). Spectra from Regan et al. (1998, 2001) were obtained from the Cambridge database of natural spectra (http://vision.psychol.cam.ac.uk/spectra/spectra. html), which also included images for most species. We used those images to categorize fruit colours where possible, and otherwise extracted the qualitative colour category from our database. We calculated hue, lightness and saturation (HLS) according to Valido et al. (2011) and performed a linear discriminant (LD) analysis on the HLS variables. We then clustered the species on these LD axes with a Gaussian mixture model and compared our results using the traditional eight-colour classification scheme with the results of the clustering.
| Fruit length and plant habit
One hundred and twelve sites in our database reported fruit size, in most cases only fruit length; thus, our analyses are based on fruit length alone. We averaged the fruit lengths per species in cases where multiple sources described the same species. For plant habit, we classified all plant habit descriptions into four categories: herb, shrub, climber (including both lianas and vines) and tree using a similar methodology as for fruit colours. The 'climber' category included any plant described as climbing or scrambling.
Descriptions with multiple categories, such as 'shrub or tree', were classified as the first category, except in cases where one category was clearly a modifier (e.g., 'shrubby tree' fell into the 'tree' category).
| Statistical analyses
We investigated correlations between fruit colour category and fruit length with ANOVA and post hoc Tukey's tests to identify differences between groups. Then, we tested whether latitude, fruit length and plant habit can differentiate between fruit colour categories using a multinomial logistic regression. A multinomial logistic regression is most appropriate because our response variable, fruit colour, consisted of eight or three unordered categories (see below). We chose green (for the eight-category models) and green-orange-brown-yellow (for the three-category models) as the reference levels because most fruits pass through a green stage when developing, and the frequency of green fruits across our dataset is roughly the median of all fruit colours.
Latitudinal patterns were assessed for both the eight-colour classification scheme and the three-colour classification scheme that resulted from the analysis of fruit reflectance data. Our dataset consists of some sites with data from woody plants only (typically tropical sites where only trees and shrubs were described) and some sites with both woody and herbaceous plants included. We repeated all latitudinal analyses with a subset of the data that included woody species only, and all results were qualitatively similar (see Supporting Information Figure S1 ). We therefore report results from the full dataset only.
All statistical analyses were performed in R v. 3.2.0 (R Core Team, 2016) , and code and trait data are available on DataDryad (https:// doi.org/10.5061/dryad.bh84vs3).
| RE SULTS
| Fruit reflectance and colour categories
Clustering of fruit colours in LD space corresponded well with human colour categorizations. Gaussian mixture models revealed eight clusters, but three of those clusters contained mostly mammal-associated colours (green, yellow, brown and orange), two consisted largely of black, blue and white and two were almost entirely occupied by redfruited species. As such, we collapsed these eight clusters down into three that correspond with green/yellow/brown/orange, black/blue/ white and red. Although it may seem odd that black and white would cluster together, they in fact have similar spectral properties: they both have low saturation and differ primarily in the total amount of light reflected. Species were correctly classified into these categories 73, 78 and 81% of the time, respectively (Figure 2 ). As such, we reran our analyses using these three categories in addition to using the traditional eight-colour classification scheme.
| Correlations between fruit colour, fruit length and plant habit
A one-way ANOVA revealed significant differences in fruit length between colour categories [F(7, 7,511) = 148.6; p < .0001; Figure 3 ].
Tukey's post hoc honestly significant difference (HSD) test showed that the mean length of fruits with bird-associated colours (x black = 10.4 mm, x blue = 9.1 mm, x white = 10.9 mm, x red = 11.8 mm) were smaller than those with mammal-associated colours (p < .05; x orange = 16.9 mm, x yellow = 20.8 mm, x brown = 21.8 mm, x green = 22.7 mm).
Within the bird category, blue fruits were smaller than white and red (p < .05) but not black (p > .05), and white was not distinguishable from black or red (p > .05) although red was larger than black (p < .05). Among mammal-associated colours, orange was statistically different from the remaining colours (p < .05).
| Latitudinal patterns in fruit traits
We find strong, global latitudinal gradients in most fruit colours (Table 1; Figure 4 ). When modelled with latitude as the sole predictor, red increases dramatically from 17% of fruits at 0° to 54% of fruits at 65°, and black shows a similar but weaker pattern (increasing from 23% at 0° to 37% at 65°). The mammal-associated colours show the opposite pattern, with increased frequency towards the tropics; the strongest patterns occur in yellow (constituting 20% of fruits at 0° and only 2% of fruits at 65°) and orange (15% at 0° declining to 2% at 65°). The bird-associated colours all show statistically different patterns than our reference level, green (p < .0001), while the mammal-associated colours are not statistically different (p > .05, except in brown, where p < .0001).
Using the three-colour classification scheme (lumping black, blue and white, and also green, brown, yellow and orange), we find weaker patterns in black + blue + white (increasing from 31% at 0° to 39% at 65°) than when we analyse those colours separately, but stronger patterns in the lumped green + brown + yellow + orange category (decreasing from 51% of fruits at 0° to 7% at 65°).
The best model for differentiating between fruit colours included all three predictor variables (latitude, fruit length and plant habit) as well as their interaction terms (Supporting Information Table S2 ).
Although fruit colour was found to be an important predictor, fruit colour varied little between habit categories (Supporting Information Figure S2 ). Even when including fruit size and plant habit, latitude remains a significant predictor for black, blue, brown and red (and marginally yellow) in the eight-category colour scheme (p < .0001), and for both black/blue/white (BBW) and red in the three-category colour scheme (Table 1) .
Average fruit length varies across latitude (R 2 = .59, p < .0001), such that the average length of fleshy fruits in tropical communities is more than twice as long as the average length of high latitude fruits (25.1 mm at 0°, vs. 9.1 mm at 65°). Variance in fruit length was also higher in the tropics than at high latitudes (R 2 = .42, p < .0001).
This latitudinal gradient in length is found within all colour categories (p < .05; marginally in blue, p = .08; Supporting Information Figure S3 ).
Colour diversity increased towards the tropics ( Figure 5 ; R 2 = .75, p < .001), and this pattern was stronger in the Northern Hemisphere than the Southern Hemisphere (p < .001).
F I G U R E 2 Linear discriminant (LD) analysis of hue, saturation and lightness for 236 species by colour combinations. Using Gaussian mixture models, eight clusters were detected, but all of these eight corresponded with one of black/blue/white (BBW), green/orange/yellow/brown (GOBY), or red. We thus take three clusters as the best number and plot here the correspondence between the eight-category colour scheme (derived from verbal descriptions) and the three-category colour scheme (derived from clustering analyses of spectra). Point shape indicates the fruit colour category according to the eight-category colour scheme ( = black, = blue, = brown, = green, = orange, = red, = white, = yellow). The ellipses indicate the 95% confidence interval around the three new, clustered categories. Fruits are correctly classified into the three-category scheme 78% of the time for black/blue/white, 73% for green/brown/orange/yellow and 81% for red [Colour figure can be viewed at wileyonlinelibrary.com] 
| D ISCUSS I ON
Despite considerable attention, the puzzle of the drivers of fruit colour diversity has persisted for decades. Underlying this discussion has been the assumption that colours primarily serve to attract animal seed dispersers, usually by targeting a specific disperser group. Because plant and seed-disperser interaction networks tend to be complex and diffuse (Wheelwright & Orians, 1982) , it is difficult in most cases to attribute different fruit colours to selection by a single dispersal agent or even particular guilds of dispersers. Alternative roles for pigments in fruits, such as protection against fungal pathogens and UV radiation, have also been proposed and variously supported (Cipollini & Levey, 1997; Schaefer, 2011; Schaefer & Braun, 2009; Willson & Whelan, 1990) . In order to better elucidate the global landscape of fruit colour variation, we here describe global-scale spatial patterns in fruit traits for the first time. Red-fruited species are much more common at high latitudes, while the classic mammal-associated fruit colours (green, yellow, brown and orange) are much more common in the tropics.
Fruit length (both mean and variance) increases towards the tropics, as does fruit colour diversity. In all, these patterns suggest a global pattern in which fruits tend to be more similar both in colour (mostly red) and size (small) at high latitudes, while tropical communities show a higher diversity of colours and fruit sizes. There is a strong correlation between fruit length and fruit colour, which has frequently been noted (e.g., Janson, 1983; Link & Stevenson, 2004) but never quantified on a global scale. Despite the strong correlation between fruit length and fruit colour, latitude remains an important covariate, suggesting that understanding spatial patterns in fruit colours requires understanding the relationship between fruit colour and environmental variables that correlate with latitude.
The traditional explanation for fruit colour diversity, the DSH, is founded on differences in the visual abilities of seed dispersers. Fruit colours typically are classified into a 'bird syndrome' (small fruits with bright colours such as red, black or blue) or a 'mammal syndrome' (larger fruits with dull colours such as green, brown, yellow F I G U R E 3 Fruit length correlates strongly with fruit colour. Fruits larger than 60 mm in length have been excluded due to very few fruits above this threshold (95% of fruits were ≤ 60 mm in length). (a) Density of fruit sizes (mean = 21.5 mm, median = 12.0 mm, max. = 600 mm). Most (69%) fruits are smaller than 20 mm in length. (b) Proportion of fruits of each colour category across fruit sizes. Smaller fruits tend to be black, blue, red or white, while large fruits and extremely small fruits tend to be brown, green, orange or yellow. (c) Brown, green, orange and yellow fruits are larger on average than black, blue, red and white fruits. Colour categories were statistically different according to a one-way ANOVA [F(7, 5,881) = 135.1; p < .0001], and Tukey's post hoc honestly significant difference (HSD) test showed that fruits of all four bird-associated colours were statistically smaller than the mammal-associated colours (p < .05), and that black, blue and white were statistically indistinguishable, as were yellow, brown and green. Statistically significant groups are indicated with letters (a-e) [Colour figure can be viewed at wileyonlinelibrary.com] or orange) (van der Pijl, 1969). Our findings are broadly consistent with this hypothesis: bird-associated fruit colours tend to be smaller on average and are much more common at high latitudes (especially red), while mammal-associated fruit colours tend to be larger and are more frequent at low latitudes. Primates and frugivorous bats are both mostly restricted to the tropics and subtropics, and they provide the majority of seed dispersal services by mammals (Fleming, Breitwisch, & Whitesides, 1987) . Mammalian dispersers tend to be larger than frugivorous birds (van der Pijl, 1969) , so the presence of large-fruited species in the tropics corresponds with the presence of large-bodied seed dispersers. We also find greater colour diversity in the tropics, in contrast to recent work (Burns et al., 2009) .
Greater tropical diversity is also consistent with the DSH, as the greater diversity of frugivores may select for a larger variety of traits (Fleming et al., 1987; Stournaras et al., 2015) . These broad patterns persist whether we use the eight-colour classification scheme of Wheelwright and Janson (1985) or the three-colour classification scheme derived here from the clustering of fruit reflectance data.
It is important to consider carefully the actual perceptual abilities of the relevant dispersers when addressing the question of whether these spatial patterns in fruit colours support the DSH. In Madagascar, the fruit colours partly match the expectations of the DSH and partly do not. Madagascar's disperser community consists largely of mammals, especially lemurs, rather than birds (Fleming et al., 1987; Razafindratsima, 2014; Voigt et al., 2004) , and as a consequence the DSH predicts that Madagascar's flora should be dominated by mammal-associated colours. Our three Malagasy sites (Ranomafana, Kirindy and Ste. Luce) display considerable variation:
Ranomafana has relatively few black-fruited species, but the remainder of its fruit colours are quite typical of its latitude. The prevalence of red (rather than black) may be related to the fact that many lemurs are dichromatic and cannot differentiate red from green (Veilleux & Bolnick, 2009 ). In contrast, Kirindy displays a very unusual fruit colour distribution, with mostly green and brown fruits (c. 72% of fruits), which strongly supports the DSH. The differences between sites in Madagascar may reflect differences in the perceptual abilities of dispersers at each site, phylogenetic history of the plants present in each region, or differences in abundance of disperser species that our data are unable to capture.
As another example, New Zealand's disperser community mainly consists of birds, with a prevalence of lizard dispersers relative to most other locations (Whitaker, 1987) . The enrichment of blue fruits in New Zealand has been attributed to lizard dispersal (Lord & Marshall, 2001; Lord, Markey, & Marshall, 2002) . In our dataset, blue fruits are quite common in New Zealand, but also in eastern Australia, Papua New Guinea, Chiloé Island in Chile, and temperate and boreal North America. It thus appears that blue fruits in some places may correlate with certain types of dispersers, but in other regions may reflect selection by an entirely different set of factors.
Overall, having a nuanced understanding of the dispersers in a particular area, as well as alternative selective forces, is essential to a deep understanding of the drivers of fruit colour diversity.
Despite the general congruence of our data with the DSH, questions remain. Perhaps most importantly, differing patterns within syndromes are difficult for the DSH to explain. Red fruits increase much more dramatically towards high latitudes than do black fruits, and yellow and orange show much stronger latitudinal gradients than do green and brown. In theory, differences between high and low latitude dispersers could account for some of these spatial patterns. Frugivorous birds at high latitudes are less diverse than in the TA B L E 1 Model results of multinomial logistic regression, where the full interaction model (using latitude, fruit length and plant habit as predictors) had the lowest Akaike's information criterion (AIC) Note. n.a. = not applicable. Each model is divided into both the eight-category traditional colour scheme and the three-category colour scheme derived from clustering of fruit reflectances (GOBY = green + orange + brown + yellow, BBW = black + blue + white). We report the predicted proportion of each fruit colour category at 0° latitude and 65° latitude in order to show the latitudinal variation in these colour categories.
tropics, and tend toward more general diets (Belmaker, Sekercioglu, & Jetz, 2012; Kissling, Böhning-Gaese, & Jetz, 2009 ). Consequently, they may preferentially consume fruits that are easy to find, for example, that contrast the most with background foliage (such as many red fruits; Schmidt et al., 2004) .
At the same time, selection on fruit colours independent of dispersers may also influence the set of successful fruiting syndrome strategies. For example, short growing seasons at high latitudes could potentially constrain the set of possible fruit colours in a community. Many fruits start out green early in development and then progressively turn yellow, red and finally black. In areas with shorter growing seasons, fruits may not have enough time to complete a lengthy developmental sequence, and may be selected to mature their seeds at a developmentally 'earlier' colour in their colour sequence. In this case, red fruits may have been derived through paedomorphosis (Box & Glover, 2010) as plants adapted to more seasonal high latitude habitats (Lo et al., 2011) . Alternatively, the prevalence of black at low latitudes relative to red may indicate that high(er) pigmentation itself may be important in certain environments. As has been emphasized before, pigments provide protection against fungal pathogens and UV radiation (Cipollini & Levey, 1997; Schaefer et al., 2008; Willson & Whelan, 1990) , and black fruits tend 
to have greater concentrations of anthocyanin pigments than red fruits (Lancaster, Lister, Reay, & Triggs, 1997) . Greater pigmentation may be advantageous in environments with more pathogens and UV radiation, such as in the tropics (and especially on tropical mountains; Beckmann et al., 2014) .
Another factor that may influence fruit colour irrespective of putative dispersers is fruit size (measured here as fruit length).
Colour and size are so interrelated in fruits that it is difficult to distinguish between selection on colour and size together (as might be predicted by the DSH) versus selection on fruit size alone with corresponding shifts in colouration. We find strong evidence that larger fruits tend to be green, yellow, brown and orange, and that fruits with these colours are typically larger than those with birdassociated colours. Fruits may be larger in the tropics than at high latitudes because dispersers in the tropics tend to be larger, but there are other possible explanations. For example, seeds tend to be larger in the tropics, possibly to enable the greater provisioning of embryos in low-light environments (Moles et al., 2007; Salisbury, 1942) . Larger seeds necessitate larger fruits. Large fruits may incur greater metabolic costs in producing pigments to colour their larger surface area (Willson & Whelan, 1990) , and, as a result, large-fruited plants may produce less concentrated pigments than their smaller fruited relatives. Mammals may not select for duller colours directly so much as for larger fruits, with duller coloration evolving as fruit size increases. Remaining green or dull-coloured also prolongs photosynthesis in fruit development, which might itself support fruit growth (Bazzaz, Carlson, & Harper, 1979; Cipollini & Levey, 1991) . In any case, the correlation documented here between large fruit size and dull colours makes it difficult to precisely identify the selective force(s) driving the evolution of mammal-associated colours.
Latitudinal patterns in colour and size within disperser categories will also need to be explained, and we have offered several alternative hypotheses here that relate to particular fruit categories (paedomorphy, defence against UV, metabolic constraints in large fruits). But, as attention shifts to testing such hypotheses, it seems especially important to focus further attention on the relationship between the colours that humans commonly distinguish and the reflectance properties that may influence the functioning of fruits in nature. To this end, we analysed fruit reflectance data and tested for the number of clusters that emerge in those data. We recovered three clusters and these fell into two major groups: the mammalassociated colours (which we treated as a single category in our three-category scheme) and the bird-associated colours (which are arrayed along an axis between black and red; Figure 2 ). This provides support for the traditional notion that these two syndromes are in fact distinct and separable, and, even more generally, that at least some human-derived fruit colour categories do cluster into different regions of reflectance space. Similar findings have recently been reported using a very different methodology (Bergeron & Fuller, 2018) , suggesting that, despite the potential problems with relying on human vision, broad patterns such as those identified here are based on real biological differences.
| Hemispheric differences
The Northern and Southern Hemispheres differ in the diversity of fruit colours across latitude, with the Southern Hemisphere having higher colour diversity, similar to the tropics. The differing histories of the two hemispheres may help to explain the observed patterns in fruit colour diversity. Many of the major tropical clades with fleshy fruits (e.g., Rubiaceae, Myrtaceae, Solanaceae, Arecaceae) are better represented in southern temperate than in northern temperate floras (Dominy et al., 2003; Svenning, Borchsenius, & Bjorholm, 2008) 2006) . This sharing of clades may help to explain the lower diversity of fruit colours in the Northern Hemisphere. Furthermore, as a consequence of extensive glaciation in some northern temperate areas, some high latitude plant communities in the Northern Hemisphere have been assembled de novo over the last 12,000 years (Kropf, Comes, & Kadereit, 2006; Svenning & Skov, 2007) . Traits that facilitate plant dispersal, potentially including certain fruit colours, may therefore be enriched in northern temperate and boreal forests. Red fruits tend to be preferred by birds over other colours (Camargo et al., 2013; Duan, Goodale, & Quan, 2014; Schmidt et al., 2004) , which might result in more rapid range expansion in red-fruited species.
| Evolutionary mechanisms
Evolutionary processes are integral to generating latitudinal gradients. Patterns in species richness reflect a combination of species origination, extinction and migration or range expansion (e.g., Jablonski et al., 1983; Wiens & Donoghue, 2004) . Analogous processes may generate spatial patterns in traits as well. As an example, the correlation that we document here between red fruits and higher latitudes is some function of the following: (a) origination bias (e.g., red fruits may have evolved multiple times as lineages moved into to colder climates), (b) extinction bias (e.g., green and yellow fruits may have been selected against in colder climates), (c) migration bias (e.g., species with red fruits may have been better able to move into high latitudes) or (d) diversification bias (e.g., clades with red fruits radiated more extensively in colder climates).
Regional floras around the Northern Hemisphere clearly document that red fruits are common in many successful and distantly related fleshy-fruited clades at higher latitudes in the north (e.g., Rosaceae, Dipsacales, Liliaceae). This implies that there have, indeed, been multiple origins of red fruits at higher latitudes. However, it is also the case that some of these northern red-fruited lineages have diversified rapidly, possibly for reasons unrelated to fruit colour (e.g., the Succotinus clade within Viburnum, Spriggs et al., 2015) . In any case, studies need to be designed to test the relative importance of these evolutionary processes at various phylogenetic and spatial scales.
| CON CLUS IONS
For the first time, we report global-scale spatial patterns in the traits of fleshy fruits, in particular that red fruits are much more common at high latitudes, while yellow and orange are much more common in the tropics. Our results are broadly consistent with the DSH: mammal-associated fruit colours are more common in the tropics where mammalian dispersers are more common (although we did not directly test for an association between frugivore diversity and fruit colour distributions). However, much variation remains to be explained, especially within the disperser categories, and the role of fruit size is clearly strong and poorly understood. The prevalence of red-fruited species at high latitudes is particularly striking. Plausible alternative hypotheses driving global patterns in fruit colour and size, relating to defence, development and metabolic costs, should be investigated, as well as the relative importance of the various evolutionary mechanisms that underlie these patterns. 
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